Pn-AMP1, Pharbitis nil antimicrobial peptide 1, is a small cysteine-rich peptide implicated in host-plant defense. We show here that Pn-AMP1 causes depolarization of the actin cytoskeleton in Saccharomyces cerevisiae and Candida albicans. Pn-AMP1 induces rapid depolarization of actin cables and patches within 15 min. Increased osmolarity or temperature induces transient actin depolarization and results in increased sensitivity to Pn-AMP1, while cells conditioned to these stresses show less sensitivity. Mutations in components of a cell wall integrity pathway (Wsc1p, Rom2p, Bck1p and Mpk1p), which regulate actin repolarization, result in increased sensitivity to Pn-AMP1. A genetic screen reveals that mutations in components of the α-1,6-mannosyltransferase complex (Mnn10p, Mnn11p and Och1p), which regulate mannosylation of cell wall proteins, confer resistance to Pn-AMP1. FITC-conjugated Pn-AMP1 localizes to the outer surface of the cell with no significant staining observed in spheroplasts. Taken together, these results indicate that cell wall proteins are determinants of resistance to Pn-AMP1, and the ability of a plant defense protein to induce actin depolarization is important for its antifungal activity.
Introduction
Plants produce a variety of cysteine/glycine-rich small (2-9 kDa) antimicrobial proteins, which are believed to play a defensive role in plants due to their potent in vitro activity and in planta resistance (reviewed in García-Olmedo et al. 1998 , Selitrennikoff 2001 . Many studies on these proteins have shown that the cytotoxicity of thionins is caused by an electrostatic interaction with negatively charged membrane phospholipids, followed by either pore formation or interaction with a certain lipid domain (Florack and Stiekema 1994) . Plant defensins induce membrane permeabilization in fungi, resulting in Ca 2+ uptake, K + efflux, alkalinization of the medium and membrane potential changes. Sphingolipids in the plasma membrane appear to act as putative binding sites for Dahlia merckii defensin (DmAMP1) in Saccharomyces cerevisiae (Thevissen et al. 2000 , Thomma et al. 2002 . The mode of action of hevein and hevein-like peptides has been thought to be binding cell wall chitin in growing hyphae and consequently inhibiting cell wall biosynthesis. However, the different degrees of antifungal activity among the hevein-type peptides and their molecular actions remain largely unknown.
The actin cytoskeleton in S. cerevisiae has been implicated in polarized growth, secretion, endocytosis, bipolar bud site selection and organelle trafficking (Adams and Pringle 1984 , Novick and Botstein 1985 , Drubin et al. 1993 , Kubler and Riezman 1993 , Yang et al. 1997 . The actin cytoskeleton has two major filamentous components, cortical patches and cytoplasmic cables. Actin patches are foci of actin and actin-binding proteins at the plasma membrane, whereas cables are bundles of actin filaments that are oriented along the motherbud axis, toward sites of polarized growth (Adams and Pringle 1984, Mulholland et al. 1994) . The yeast actin cytoskeleton responds to environmental stimuli including temperature shifts, osmotic shock, mating pheromone and certain agents such as latrunculin toxin via signaling pathways , Delley and Hall 1999 , Davenport et al. 1995 , Read et al. 1992 .
Recent studies suggest that heat-induced cell wall stress might be sensed by the plasma membrane protein Wsc1p and its signal transmitted to the small G-protein Rho1p via a guanine nucleotide exchange factor Rom2p (Gray et al. 1997) . Rho1p induces the activation of a yeast homolog of mammalian protein kinase C (Pkc1p). Pkc1p activates the mitogenactivated protein (MAP) kinase cascade consisting of MAP-KKK Bck1p (Lee and Levin 1992) , a pair of MAPKKs Mkk1p and Mkk2p (Irie et al. 1993 ) and a MAP kinase Mpk1p (Mazzoni et al. 1993) , which controls actin polarization and transcription of cell wall biosynthesis genes. Mutations in this pathway result in a mild lysis defect, growth arrest as small- 4 The first three authors contributed equally to this work. 5 Corresponding author: E-mail, djyun@nongae.gsnu.ac.kr; Fax, budded cells either at high temperature or at all temperatures and actin depolarization (Novick and Botstein 1985 , Delley and Hall 1999 . The phenotype of these mutants is attributable to a deficiency in cell wall growth, organization of cortical actin, or both. These results suggest that the Pkc1p-Mpk1p pathway and its putative upstream regulators play a regulatory role in the maintenance of cell wall integrity during polarized cell growth as well as in actin reorganization in response to environmental stimuli (Davenport et al. 1995 , Helliwell et al. 1998 ).
The yeast cell wall is an essential and dynamic structure, composed of mannoproteins, fibrous β-1,3-glucan, branched β-1,6-glucan and a minor chitin component, which mainly contributes to the insolubility of the fibers (Klis 1994, Lipke and Ovalle 1998) . The β-1,3-glucan-chitin complex is the major constituent of the inner wall, and β-1,6-glucan links the components of the inner and outer walls. On the outer surface of the wall are mannoproteins, which are extensively O-and N-glycosylated. The mannoproteins are densely packed and determine the surface properties of hydrophobicity, electrical charge, immunogenicity, flocculence, sexual agglutinability and porosity. Digestion of cell walls in the absence of an osmotic protector leads to cell lysis due to high internal turgor pressure. Thus, substances that interfere with cell wall synthesis are potential antifungal agents, and yeast cell wall components have critical roles in signal transduction and controlling the effectiveness of antifungal agents by perception of environmental stimuli (Yun et al. 1997 , Ibeas et al. 2000 .
Previously, we demonstrated that hevein-type Pharbitis nil anti-microbial peptides (Pn-AMPs) exhibit growth inhibitory activity toward several phytopathogens and S. cerevisiae (Koo et al. 1998) . Also, overexpression of Pn-AMP cDNA confers enhanced disease resistance in transgenic tobacco and tomato challenged with Phytophthora parasitica and Phytophthora capsici, respectively (Koo et al. 2002 , Lee et al. 2003 . Pn-AMP1 is somewhat unique among plant defensins in that it is equally effective against traditional plant pathogens and laboratory yeast strains. Thus, we utilize yeast as a model to investigate the molecular mechanism of Pn-AMP1. Here, we present the results that a plant antifungal peptide induces growth arrest through depolarization of the actin cytoskeleton, while the yeast cell wall integrity pathway suppresses the action of Pn-AMP.
Results

Differential sensitivity to Pn-AMP1 among yeast strains
Pn-AMP1, isolated from seeds of morning glory (P. nil), is a 4.3 kDa cysteine/glycine-rich antimicrobial peptide homologous to hevein, which exhibits potent antifungal activity against both chitin-containing and chitin-lacking fungi in the cell wall (Koo et al. 1998) . To examine whether laboratory S. cerevisiae strains have an equal sensitivity to Pn-AMP1, four different strains were grown on YPD plates containing Pn-AMP1. Significantly different degrees of sensitivity to Pn-AMP1 were shown among the strains (Fig. 1) . Pn-AMP1 concentrations required for 50% growth inhibition (IC 50 ) ranged from 2.3 to 26.7 µM (data not shown). BWG7a was the strain most sensitive to Pn-AMP1, and NY1489 was 10-fold less sensitive. This range of IC 50 s is similar to the range of values, 0.7-6 µM, that previously inhibited growth of various phytofungi (Koo et al. 1998) . Exponentially growing cells were diluted to an OD 600 nm of 0.01, and serial 5-fold dilutions were spotted on a YPD plate supplemented with 7.5 µM Pn-AMP1. The cells were allowed to grow for 2 d at 28°C. 
Pn-AMP1 induces cell-cycle-independent growth arrest
To investigate whether Pn-AMP1 induces cell death, the viability of S. cerevisiae BWG7a following treatment with 7.5 µM Pn-AMP1 was assessed by counting the number of treated cells that could form colonies on YPD plates. After 6 h of Pn-AMP1 incubation, the cells were washed with water and plated. The viability of cells following incubation with Pn-AMP1 did not drop significantly over the 6-h time course, with >70% of cells able to form colonies within 2 d (Fig. 2A) . Under the same conditions except for washing with YPD medium instead of water, >80% of cells showed viability (data not shown), indicating that Pn-AMP1 induces reversible cell growth arrest instead of cell death. This growth arrest was fairly rapid; when cell growth was assessed by measuring turbidity (OD 600 nm ), growth arrest was observed at the earliest times measured, within 15-20 min of Pn-AMP1 addition (Fig. 2B) .
This finding led us to ask whether Pn-AMP1 arrests growth at a certain stage of the cell cycle. Asynchronously growing BWG7a cells were treated with 7.5 µM Pn-AMP1 for 1-16 h, and cells were examined under the light microscope. The treated cells did not arrest with a uniform morphology, and the percentage of cells in various growth stages was similar to that before addition of Pn-AMP1, indicating that Pn-AMP1-induced cell arrest was not due to a block in a certain stage of the cell cycle (data not shown).
Pn-AMP1 induces different morphogenic alterations according to mode of growth
To get an understanding of Pn-AMP1's mode of action, we looked for morphological changes by scanning electron microscopy (SEM). BWG7a cells were treated with 7.5 µM Pn-AMP1 for 30 min in YPD medium, fixed and processed for SEM. Cells exposed to Pn-AMP1 showed wrinkling of the surface, especially in daughters, compared with the smooth surface of untreated cells (Fig. 3A, B) . However, we have demonstrated previously that Pn-AMP1 induces hyphal bursts in the phytopathogens Botritis cinerea and P. parasitica (Koo et al. 1998) , raising the concern that Pn-AMP1's mode of action is different for S. cerevisiae than for phytofungi. To address this difference, we investigated morphological changes using the dimorphic yeast Candida albicans, which can grow alternately between a yeast phase and a hyphal phase, depending on environmental conditions. When the yeast form of C. albicans was treated with an inhibitory concentration (25 µM) of Pn-AMP1, all cells showed surface wrinkling similar to that of S. cerevisiae. Approximately 40% of cells also contained aggregates on the surface caused by leakage of cytoplasmic materials (Fig.  3D) . However, exposure of filamentous C. albicans to Pn-AMP1 resulted in swelling along the hyphae and bursts in the hyphal tip (Fig. 2G) as observed previously in the phytopathogens. Since the morphological effects of Pn-AMP1 on C. albicans depend on its phase of growth, it is likely that Pn-AMP1 has only one mode of action but that cells with different forms of growth respond somewhat differently. Pn-AMP1's primary mode of action is not likely to be cell lysis since C. albicans cells treated with an inhibitory concentration (15 µM) of tobacco osmotin, from another class of antifungal proteins that specifically induces cell lysis in fungi and yeast (Woloshuk et al. 1991 , Yun et al. 1997 , rapidly lysed without swelling (Fig. 3E ).
Pn-AMP1 induces depolarization of the actin cytoskeleton
Growth arrest and morphological changes can be caused by disruptions of the actin cytoskeleton. Thus, we examined whether Pn-AMP1 alters the yeast actin cytoskeleton. After treatment with 7.5 µM Pn-AMP1, BWG7a cells were fixed and stained with an F-actin-staining dye, rhodamine-labeled phalloidin (Rh-Ph) and a DNA-staining dye, 4′,6-diamidino-2-phenylindole (DAPI). In untreated cells, actin cables were polarized along the mother-bud axis, and actin patches were concentrated in the bud (Fig. 4) . In contrast, in Pn-AMP1-treated cells, actin cables disappeared rapidly, with only 8% of Hyphal growth of C. albicans was induced by incubating at 37°C for 2 h (F, G). The cells were fixed and processed as described in Materials and Methods. Scale bar is 2 µm. cells having any observable cables after 15 min. No cables were seen after 30 min. Cells also displayed an increase in randomly distributed cortical actin patches in all phases of the cell cycle. The percentage of cells containing more than six actin patches in the mother of small-and medium-budded cells was determined, as a measure of depolarization. Cells with depolarized actin patches began to increase within 15 min, and nearly all cells contained depolarized actin patches within 1 h. The actin depolarization persisted over a 4-h time-course. DAPI staining showed normal nuclear segregation patterns in all the cells examined. To investigate whether growth arrest is correlated with actin depolarization, we observed the actin cytoskeleton of NY1489 cells after Pn-AMP1 treatment for 1 h at growth-inhibitory (75 µM) or subinhibitory (7.5 µM) concentrations. While the majority of NY1489 cells (>80%) showed normal actin cables and polarized actin patches at a subinhibitory concentrations, almost no actin cables and highly depolarized actin patches were observed in the cells treated with an inhibitory concentration (Fig. 5 ), indicating that actin depolarization is a specific phenotype correlating with growth arrest.
To investigate whether Pn-AMP1-induced actin depolarization is unique to a budding yeast mode of growth, we observed the actin cytoskeleton in C. albicans after treatment with 25 µM Pn-AMP1 for 15 min. Both yeast and filamentous forms of C. albicans cells (>95%) stained with Rh-Ph showed highly depolarized actin patches along hyphae and hyphal tips ( Fig. 6H ) under conditions that induced cell swelling and bursts in the SEM analysis. This indicates that actin depolarization is induced by Pn-AMP1, regardless of a cell's form of growth.
Hyperosmotic and heat stress result in increased sensitivity to Pn-AMP1 correlated with actin depolarization
Osmotic stabilizers, such as 1 M sorbitol, are known to suppress cell wall lysis in several mutants, including components of the cell wall integrity pathway Levin 1992, Irie et al. 1993) . Osmotic support also partially suppresses the Pn-AMP1 depolarizes the actin cytoskeleton at concentrations that inhibit growth. NY1479 cells were incubated with 7.5 or 75 µM Pn-AMP1 for 1 h, fixed with formaldehyde and then stained with RhPh and DAPI to visualize the actin cytoskeleton and nuclei, respectively. Cells were observed by Nomarski microscopy (left), by fluorescence microscopy of DAPI staining to detect nuclei (center) and with Rh-Ph to detect F-actin (right). Scale bar is 5 µm.
toxicity of a pore-forming killer toxin (Komiyama et al. 1996) . If actin depolarization and growth arrest by Pn-AMP1 are the consequence of cell wall damage or defects, osmotic support should suppress the action of Pn-AMP1. To test this hypothesis, cell growth was measured after treatment with various concentrations of Pn-AMP1 in the presence or absence of sorbitol. Unexpectedly, exposure to sorbitol resulted in increased sensitivity to Pn-AMP1 in both BWG7a and NY1489 cells (Fig. 7) . The yeast actin cytoskeleton is known to be transiently depolarized in response to sorbitol (Davenport et al. 1995) . As observed in previous studies, exposure to 1 M sorbitol induced actin depolarization by 40-60 min in both BWG7a and NY1489 cells, but actin polarization was normal after 3-4 h in almost all the cells (data not shown). Thus, the Pn-AMP1 sensitivity of cells pre-exposed to sorbitol for 4 h were compared with that of cells without pre-exposure to determine whether the increased sensitivity seen in sorbitol is a consequence of actin depolarization. Indeed, pre-exposed cells, which had recovered actin polarization, did show less sensitivity to Pn-AMP1 than cells not pre-treated to the same osmotic stress (Fig. 7) .
Like osmotic stress, temperature stress is also known to induce transient depolarization of the actin cytoskeleton and inhibit cell growth in budding yeast (Kamada et al. 1995, Delley and Hall 1999) . A temperature shift from 28°C to 37°C induced actin depolarization at ∼50 min in >90% of cells, and repolarization occurred within 4 h in almost all cells (data not shown). Overnight cultures at 28°C were freshly regrown for 4 h either at the same temperature or at 37°C. The sensitivity of 
Fig. 7
Hyperosmotic stress enhances Pn-AMP1 sensitivity. Exponentially growing BWG7a (A) or NY1489 (B) cells were pre-incubated in YPD medium with or without 1 M sorbitol for 4 h and then diluted to OD 600 nm 0.01 in YPD medium containing 1 M sorbitol and the indicated concentration of Pn-AMP1. After incubation for 16-20 h at 28°C, growth was determined by measuring OD 600 nm . As a control, cells were treated with Pn-AMP1 in YPD medium without pre-treatment with sorbitol (see Materials and Methods for detail). Growth inhibition was determined as described above. Error bars are the SEM (n = 3, P < 0.01 for most concentrations with differential growth inhibition).
the same number of both cells to Pn-AMP1 was determined based on growth at 37°C. The temperature shift from 26°C to 37°C resulted in significantly increased sensitivity to Pn-AMP1, and preconditioning cells at 37°C reduced the increase in sensitivity to Pn-AMP1 in both BWG7a and NY1489 (Fig.  8) . Taken together, the observations of differential sensitivity in pre-treated versus control cells to given stresses indicates that the main action of Pn-AMP1 is actin depolarization rather than cell wall defects or osmotic sensitivity.
WSC1-mediated cell wall integrity pathway suppresses the action of Pn-AMP1
Components of the Pkc1-Mpk1 pathway as well as its upstream regulating factors play a key regulatory role in maintenance of the integrity of the cytoskeleton and the cell wall in S. cerevisiae, including responses to osmotic shock and heat shock (Davenport et al. 1995 , Gray et al. 1997 , Delley and Hall 1999 . Null mutations in the Pkc1-Mpk1 pathway result in cell lysis. This phenotype is thought to be a consequence of a defect in polarization of the actin cytoskeleton, resulting from decreased ability to transport and target secretory vesicles necessary for biosynthesis of the cell wall (Cid et al. 1995) . To examine whether mutations of this pathway result in increased sensitivity to Pn-AMP1, we determined the sensitivity of several mutants to Pn-AMP1. Since null mutations of Rho1 or Pkc1 resulted in lethality or a severe cell lysis defect, we tested wsc1, wsc2, wsc3, wsc4, mid2, rom2, bck1 and mpk1 null mutants compared with their wild-type parent, S. cerevisiae JK9-3da. The wsc1 mutant, lacking one of the putative cell surface sensors for cell integrity (Gray et al. 1997, Delley and Hall 1999) , displayed increased sensitivity to Pn-AMP1 (Fig. 9) . Cells lacking Rom2p also showed increased sensitivity to Pn-AMP1. Mutations in the components downstream of Pkc1p, Bck1p and Mpk1p resulted in higher sensitivity than mutations in the upstream components Wsc1p and Rom2p. This result agrees with the recent report that Bck1p and Mpk1p are necessary for repolarization of actin, whereas Pkc1p regulates both depolarization and repolarization of the actin cytoskeleton through an unidentified effector branch (Delley and Hall 1999) .
To investigate the effect of Pn-AMP1 on the actin cytoskeleton of these mutants, we counted the number of cells with depolarized actin patches in medium-or small-budded cells after staining with Rh-Ph. When cells were treated with an inhibitory concentration of Pn-AMP1, a similar degree of actin depolarization was observed in all mutant strains and wild type (> 90%). This result suggests that Pn-AMP1 induces actin depolarization independently from the Pkc-Mpk1 pathway and that the increased sensitivity of Pkc1-Mpk1 pathway mutants is Fig. 8 Heat stress enhances Pn-AMP1 sensitivity. Exponentially growing BWG7a (A) and NY1489 (B) cells were grown at 28°C or 37°C for 4 h, diluted to an OD 600 nm of 0.01, and treated with the indicated concentration of Pn-AMP1 for 16-20 h at 37°C. As a control, cells were kept at 28°C during the assay (see Materials and Methods for detail). Error bars are the SEM (n = 3, P < 0.01 for most concentrations with differential growth inhibition).
Fig. 9
Mutations in the Wsc1-Mpk1 pathway result in increased Pn-AMP1 sensitivity. Cultures of exponentially growing wild-type JK9-3da or various mutants of the cell wall integrity pathway were diluted to OD 600 nm 0.1, and serial 5-fold dilutions were spotted on a YPD plate containing Pn-AMP1. The cells were allowed to grow for 2 d at 28°C. due to the loss of ability to repair actin organization, which normally antagonizes Pn-AMP1-induced actin depolarization.
Putative cell wall glycoproteins determine Pn-AMP1 sensitivity
In order to identifying the target molecules for Pn-AMP1 we utilized a genetic approach, screening mutant BWG7a cells constructed by transformation of a genomic library carrying random Tn3:Leu2 gene insertions (Burns et al. 1994 ). Cells showing Pn-AMP1 resistance (ARE) were isolated by growth on YPD plates containing 7.5 µM Pn-AMP1. After selecting individual clones, the Tn3:Leu2 inserted loci were determined by DNA sequencing. Analysis of the tagged sequences revealed that most mutations were placed within the coding regions of the MNN10, MNN11, HOC1, KEX2 and SIR3 genes. Of these, Mnn10p, Mnn11p and Hoc1p are known components of the Golgi α-1,6-mannosyltransferase complex, which regulates the mannosylation of cell wall proteins (Jungmann and Munro 1998) . To confirm these results, we generated mnn10, mnn11 and hoc1 null mutants and examined their sensitivity to Pn-AMP1 (Fig. 10) . As seen for the ARE mutants, the three null mutants showed a 3-fold increased resistance in IC 50 values relative to that of wild-type BWG7a cells. In addition, mutations in MNN9 and ANP1, which encode other components of the Golgi α-1,6-mannosyltransferase complex, conferred a similar level of increased resistance in the W303a genetic background (data not shown). However, disruption of MNN1, an α-1,3 mannosyltransferase (Yip et al. 1994) or genes that encode two abundant cell wall mannoproteins, CWP1 and SED1 (Van der Vaart et al. 1997), did not change sensitivity to Pn-AMP1.
Pn-AMP1 has a chitin-binding activity (Lee et al. 2003 ) as observed in other small hevein-like peptides, which has led to the hypothesis that chitin is the biological target of Pn-AMP1. However, no mutants defective for chitin synthesis were isolated in our genetic screen. To address the question of whether chitin or other cell wall components are involved in the action of Pn-AMP1, we examined Pn-AMP1 sensitivity in cell wall mutants. The yeast cell wall is composed of β-1,3-glucan, β-1,6-glucan, chitin and mannan. The major catalytic enzymes that regulate β-1,3-glucan and chitin biosynthesis are encoded by the FKS1 (Inoue et al. 1995) and CHS3 genes (Shaw et al. 1991 ), respectively. The major catalytic enzyme for β-1,6-glucan has not yet been identified, so we examined kre5 and kre6 mutants because these genes have been implicated in Fig. 10 Mutations in genes encoding α-1,6-mannosyltransferase result in increased Pn-AMP1 sensitivity. Aliquots (2.5 µl) from exponentially growing cultures of wild-type BWG7a and mannosylation or cell wall mutants, including fks1, chs3, kre6, kre5, mnn10, mnn11, mnn1, hoc1, cwp1 and sed1, were diluted to OD 600 nm 0.1, and serial 5-fold dilutions were spotted on YPD plates with or without 15 µM Pn-AMP1. The cells were allowed to grow for 2 d at 28°C. β-1,6-glucan biosynthesis (Meaden et al. 1990, Roemer and Bussey 1991) . When all these mutant cells were grown on YPD plates containing Pn-AMP1, none of them showed a detectable alteration of their sensitivity to Pn-AMP1. Only a slightly increased resistance was observed in the kre6 mutant (Fig. 10) .
To examine whether target molecules for Pn-AMP1 reside on the cell wall or the plasma membrane or both, the binding of Pn-AMP1 to yeast cells and spheroplasted cells was further analyzed using FITC-conjugated Pn-AMP1. FITC-conjugated Pn-AMP1 showed the same level of biological activity as native peptide (data not shown). After incubating with 7.5 µM FITC-Pn-AMP1 for 30 min, cells were washed and the subcellular localization of Pn-AMP1 was examined by confocal fluorescence microscopy. A much higher level of FITC-Pn-AMP1 binding was observed over the cell surface in intact cells, whereas no detectable level of binding was found in spheroplasts (Fig. 11) , indicating that the target molecules for Pn-AMP1 reside on the cell wall. This result was confirmed by washing the FITC-Pn-AMP1-treated cells or spheroplasts and quantifying the bound FITC with a fluorometer (data not shown). Taken together, these results indicate that specific mannan(s) are required for the activity of Pn-AMP1 in the cell wall.
Discussion
We found that Pn-AMP1 causes actin depolarization correlated with growth arrest in S. cerevisiae and C. albicans. While most Pn-AMP1-treated cells showed disruption of actin cables and depolarization of cortical patches within 15 min at concentrations that inhibited cell growth, no significant changes in actin polarity were observed at a subinhibitory concentration (Fig. 4, 5) . This may be a unique mechanism of Pn-AMP1 since the tobacco pathogenesis-related protein osmotin causes rapid cell lysis (Fig. 3E) without changing numbers and patterns of actin patches, compared with untreated cells (data not shown). Our findings provide the genetic and cell biological basis for a number of important open issues concerning the mode of action of a plant defensin.
Pn-AMP1 induces various morphogenic alterations, such as cell bursts or wrinkling, in yeast (Fig. 3) . These observations led to the question of whether Pn-AMP1′s main action is mediated by depolarization of actin or by osmotic sensitivity due to a cell wall defect. Several lines of evidences indicate that the main action of Pn-AMP1 is actin depolarization and cell bursts or wrinkling may be a downstream phenotype of actin depolarization, depending on mode of growth and species of fungi. First, cells carrying mutations in actin and some actin regulatory proteins are known to be osmotically sensitive (Munn et al. 1995 , Moreau et al. 1996 . Secondly, cells grown in osmotically stabilized media, such as 1 M sorbitol, are generally more resistant to osmotic lysis, but these cells were more sensitive to Pn-AMP1 (Fig. 7) . Interestingly, >50% cells treated with 1 M sorbitol for 30 min showed the depolarization of actin cytoskeleton and cell wrinkling phenotype that was observed in Pn-AMP1-treated cells (data not shown), accounting for the additive or synergic effect of hyperosmotic stress. Moreover, cells adapted to this stress, which repolarize their actin cytoskeleton after these periods of stress, slightly recovered their resistance to Pn-AMP1 compared with non-adapted cells, strongly supporting our hypothesis. Thirdly, while Pn-AMP1 induced cell leakage preferentially in the filamentous form rather than the yeast forms, actin depolarization was observed in almost all cells, regardless of mode of growth (Fig. 3, 6) . Fourthly, although mutants showing cell-wall-defective phenotypes, such as mpk1∆, fks1∆ and mnn9∆, are also known to be sensitive to osmotic stress (Torres et al. 1991 , Yip et al. 1994 , Garrett-Engele et al. 1995 , these mutants were sensitive (mpk1∆), indifferent (fks1∆) or resistant (mnn9∆) to Pn-AMP1, compared with wild-type cells (Fig. 9, 10) .
The cell wall integrity pathway regulates depolarization and repolarization of the actin cytoskeleton and cell growth in response to extracellular stresses, such as heat shock and hypotonic shock (Davenport et al. 1995 . Pn-AMP1 seems to induce the cell wall integrity pathway, but this induction is actually antagonistic to Pn-AMP1-induced growth arrest; loss of this pathway leads to Pn-AMP1 hypersensitivity (Fig. 9) . Recent studies pro- posed that the upstream components of this pathway including Wsc1p, the Rho1p exchange factor Rom2p, Rho1p and Pkc1p are necessary both for actin depolarization and for repolarization. Depolarization is specifically dependent on a yet-to-be identified Pkc1 effector branch (Gray et al. 1997 , Helliwell et al. 1998 , Delley and Hall 1999 , while repolarization is specifically dependent on the Pkc1 downstream branch that includes Bck1p and Mpk1p (Delley and Hall 1999) . In addition, Mpk1p itself is greatly activated in response to the actin perturbation drug, latrunculin-B (Harrison et al. 2001 ). Since mutants downstream of Pkc1 (bck1∆ and mpk1∆) were more sensitive to Pn-AMP1 than those upstream (wsc1∆ and rom2∆), it is likely that the actin repolarization branch is antagonizing Pn-AMP1 activity (Fig. 9, 12 ). These observations suggest that yeast cell wall integrity pathway may play a key role not only in cell maintenance upon environmental stress but also in defense itself from host barriers under highly specialized plant-fungal interactions.
To identify target molecules for Pn-AMP1, we screened transposon-mediated yeast mutants for resistance to Pn-AMP1. Mutations in the genes encoding Mnn10p, Mnn11p, Hoc1p and Kex2p were isolated (Fig. 10) . Although Pn-AMP1 has chitinbinding activity, growth arrest is probably mediated through cell wall mannoprotein(s) rather than chitin for several reasons. First, when glycoproteins pass through the secretory pathway, N-linked glycans undergo modifications; Mnn10p, Mnn11p and Hoc1p are subunits of a Golgi mannosyltransferase complex that elongates the mannan backbone of cell wall mannoproteins. Mutations in this complex result in a short backbone of mannan chains with 10-15 residues (Jungmann and Munro 1998) . Kex2p protease is a Ca 2+ -dependent serine protease involved in endoproteolytic processing in the Golgi. Thus, cells carrying mutations in this gene may be defective in modification or processing of target molecules for Pn-AMP1 and subsequently exhibit resistance to the peptide. Secondly, the yeast cell wall is composed of chitin, β-1,3-glucan, β-1,6-glucan and mannoproteins. Mutations in genes encoding chitin synthase (chs3) or β-1,3-glucan synthase (fks1) did not confer resistance (Fig. 10) . The enzyme for β-1,6-glucan synthesis is not known, but mutations that confer resistance to β-1,6-glucan-binding yeast killer toxin K1 are known and named KREs (Meaden et al. 1990, Roemer and Bussey 1991) . However, the kre5 mutant also showed no change in resistance, and kre6 exhibited only slightly increased resistance, suggesting that glucans are not involved as Pn-AMP1 targets. Thirdly, we 15, 12, Delley and Hall (1999) demonstrated previously that Pn-AMP1 had a similar growthinhibiting activity against both chitin-containing phytofungi and non-chitin-containing oomycete pathogens both in vitro and in vivo (Koo et al. 1998 , Koo et al. 2002 , Lee et al. 2003 . Our findings constitute the first report that a plant antifungal protein causes growth arrest through actin depolarization in yeast. Although much remains to be determined about how Pn-AMP1 affects the actin cytoskeleton and which molecules are involved in the signals, our findings implicate cell wall mannoproteins and stress response pathways as being involved (Fig.  12) . Thus, further study on Pn-AMP1 will provide greater understanding of the molecular mechanisms for antifungal peptides as well as for regulation of the actin cytoskeleton in response to environmental stimuli through cell wall proteins.
Materials and Methods
Strains
S. cerevisiae strains used in this study are listed in Table 1 . A clinical isolate of C. albicans SC5314 (Gillum et al. 1984) was kindly provided by Dr. Gerald Fink, MIT, Cambridge, MA, U.S.A. Standard procedures for yeast media preparation and genetic experiments were followed (Rothstein 1985 , Sherman 1991 . The deletion mutants were isogenic derivatives of strains BWG7a and JK9-3da and were created by PCR-mediated gene disruption. The primers used for gene disruption are listed in Supplementary Table 1. Gene disruption was confirmed by Southern blotting and PCR.
Measurement of growth inhibition activity
Pn-AMP1 was purified from seeds of P. nil as described previously (Koo et al. 1998) . Tobacco osmotin was kindly provided by Dr. Ray Bressan, Purdue University, Lafayette, IN, U.S.A. Antifungal activity of protein samples was assayed by microspectrophotometry of liquid cultures grown in 96-well microtiter plates as described (Thevissen et al. 2000) . Briefly, 50 µl of the protein sample was mixed with 50 µl of yeast cells (final OD 600 nm = 0.01) in YPD medium. The microplates were incubated at 28°C without shaking, and absorbance at 600 nm was recorded after 16-20 h of incubation. The IC 50 was determined from dose-response curves. For spot assays, aliquots (2-3 µl) from an exponentially growing culture were adjusted to OD 600 nm 0.01, and serial 5-fold dilutions were spotted on YPD plates containing various concentrations of Pn-AMP1. For viability assays of yeast cells, exponentially growing BWG7a cells were diluted to OD 600 nm 0.01 in YPD medium containing 7.5 µM Pn-AMP1. After incubation for 0 and 6 h at 28°C, the cells were centrifuged at 1,000×g for 5 min, resuspended in water and plated on YPD for 2 d at 28°C. To measure Pn-AMP1 sensitivity in hyphal-growing C. albicans, cells were incubated at 37°C for 2 h in YPD medium on poly-L-lysine-coated slides and then treated with various concentrations of Pn-AMP1.
Effect of heat or hyperosmotic stress on Pn-AMP1 sensitivity
To analyze the effect of hyperosmotic stress on Pn-AMP1 sensitivity, cells (OD 600 nm of 0.02) were mixed with an equal volume of YPD/2 M sorbitol medium in a 96-well microplate. In some controls, cells were first grown in YPD/1 M sorbitol medium for 4 h, then diluted to OD 600 nm 0.01 with YPD/1 M sorbitol medium containing various concentrations of Pn-AMP1. To analyze the effect of heat stress on Pn-AMP1 sensitivity, cells (OD 600 nm 0.01) grown at 28°C were treated with various concentrations of Pn-AMP1 and incubated either at the same temperature or at 37°C. To examine the effect of pretreatment to heat stress, cells were grown at 37°C for 4 h, diluted to OD 600 nm 0.01 with YPD pre-warmed to 37°C and treated with Pn-AMP1 at 37°C for 16-20 h in a microplate. The OD 600 nm values were normalized to control cultures grown without Pn-AMP1 and given as percentages. Values are the mean of three experiments.
Localization of FITC-Pn-AMP1
FITC conjugation of Pn-AMP1 was performed according to the manufacturer's protocols (FITC labeling kit, CalBiochem). Exponentially growing cells (OD 600 nm 0.1 2 × 10 5 ) were incubated in 1 ml YPD medium containing 7.5 µM FITC-Pn-AMP1. After incubation for 30 min, cells were washed twice with YPD medium and resuspended in 100 µl YPD medium. Spheroplasts (2×10 5 ) were prepared using lyticase (Sigma) for cell wall digestion as described (Yun et al. 1997 ) and resuspended in 1 ml YPD 1 M sorbitol medium containing 7.5 µM FITC-Pn-AMP1 30 min. After washing twice with YPD/sorbitol medium, the spheroplasts were mounted on glass slides and viewed with a laser scanning confocal microscope (Carl Zeiss LSM410). Excitation was from a 488 nm argon laser, and the emission filter was a long-pass 515 nm filter.
Isolation of Pn-AMP1 resistance mutants
BWG7a cells were mutagenized by transformation with a transposon LacZ genomic library (gift of Dr. Michael Snyder, Yale University, New Haven, CT, U.S.A.) as described (Burns et al. 1994) . About 10,000 transformants were selected on SC-Leu plates and pooled. Approximately 50,000 cells were plated on YPD with 7.5-10 µM Pn-AMP1. Twenty-three mutants were isolated by resistant phenotype. After rescue of insertion sites using the pRSQ-URA3 plasmid, we determined the chromosomal sequences flanking the insertion element as described by Burns et al. (1994) . Searches for sequence similarities were carried out with the BLAST search protocol as implemented on the National Center for Biotechnology Information Server (NLM, NIH, Bethesda, MD, U.S.A.).
SEM analysis
SEM analysis was performed as described previously (Koo et al. 1998) . Briefly, exponentially growing cells (20 µl of OD 600 nm = 0.1) were attached to poly-L-lysine-coated glass coverslips for 2 h. Hyphal growth of C. albicans was induced at 37°C for 2 h on the cover glass. The medium was replaced with YPD medium containing Pn-AMP1 or tobacco osmotin. After incubation for 30 min or 1 h, the cells were washed, fixed and dehydrated with an alcohol series from 30% to 100% in a 26-well microplate. After critical point drying with CO 2 , samples on glass slides were mounted on carbon filters, and coated with gold in a sputtercoater. The samples were viewed with a Joel840 Scanning Electron Microscope at 20 kV.
Analysis of the actin cytoskeleton
Changes in filamentous actin in response to Pn-AMP1 treatment were analyzed by Rh-Ph staining. Asynchronous populations (OD 600 nm 0.01) of wild-type and mutant cells were treated with various concentrations of Pn-AMP1 in YPD medium. Cells were fixed for 15 min in 3.7% formaldehyde by direct addition of a commercial 37% stock to the medium. Rh-Ph staining was performed as described previously (Karpova et al. 1998) .
To assess depolarization of the actin cytoskeleton, budding cells with buds less than one-third the size of the mother cell were examined. Mothers having more than six cortical actin patches were scored as depolarized. Without Pn-AMP1 treatment, ∼6% of the cells in each group showed depolarized patches. The number of cells counted was 60-270 cells for each time point. The standard error of percentage (SEP) was calculated as described (Spiegel 1975) .
